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high-mobility group box 1 protein; unilateral ureter obstruction; macrophage; phenotype; renal fibrosis RENAL FIBROSIS is an inevitable pathological hallmark for many chronic kidney diseases. Among the diverse causative factors, interstitially accumulated macrophages play an important role in motivating the fibrosis process (23) . Recent studies have demonstrated that tissue macrophages have tremendous plasticity in their function and phenotype. Based on their response to environmental stimuli, macrophages can be broadly divided into two categories: classically activated macrophages (M1) and alternatively activated macrophages (M2) (8) . M1 activation is associated with tissue destruction and inflammation and is responsible for the upregulation of proinflammatory cytokines and increasing the production of reactive nitrogen species and ROS. Conversely, M2 polarized macrophages dampen the inflammatory process by producing anti-inflammatory factors, such as IL-10 and transforming growth factor-␤ 1 (7) . Recent studies have shown some hints of macrophage phenotype diversity in the process of renal fibrosis. For example, depletion of macrophages at an early stage of unilateral ureter obstruction (UUO) reduces kidney injury. Paradoxically, adaptive infusion of macrophage at late stages plays a protective role in tubulointerstitial injury and fibrosis (19, 22) . These results imply that during the early stages of UUO, interstitial macrophages may be dominated by the M1 phenotype, whereas in the later stages of UUO, M1 macrophages may transition toward the M2 phenotype. However, macrophage polarization during UUO-induced fibrosis, especially the factors inducing or maintaining the macrophage phenotype transition to M1 or M2, remains largely unknown.
In infectious diseases, pathogen-associated molecular patterns play important role in activating the macrophage shift to the M1 phenotype, whereas in sterile disease, damage-associated molecular patterns (DAMPs) are responsible for initiating the M1 phenotype (1). High-mobility group box 1 (HMGB1) protein is considered to be one of the DAMPs expressed by many cell types, including tubular epithelial cells. When tubular injury occurs, HMGB1 expression is increased and then released from interstitial and epithelial cells (20, 24) . A in vitro study (13) has shown that HMGB1 induces macrophages to express proinflammatory cytokines. A glycyrrhizic acid derivative (GA), a HMGB1 inhibitor, can counteract this effect (6, 18, 21) . However, it is unclear if HMGB1 can induce the macrophage phenotype transition or influence interstitial fibrosis in UUO kidneys. We hypothesized that increased expression and release of HMGB1 in UUO-injured kidneys induces M1 macrophage polarization and thereby contributes to the development of interstitial fibrosis and that blockade of HMGB1 release or counteracting its function would alleviate the inflammation and fibrosis. Our results showed that HMGB1 expression and release are increased in the kidney at the early stage of UUO and that macrophages accumulated in the kidney interstitium exhibit a M1 phenotype. In vitro experiments confirmed that HMGB1 can induce the M1 macrophage transition. Moreover, we demonstrated that GA can reverse the detrimental M1 macrophage polarization and alleviate the renal fibrosis.
EXPERIMENTAL PROCEDURES
Animals and the UUO mouse model. Male C57BL6/J mice, weighing 20 -25 g at the start of the experiment, were anesthetized with isoflurane inhalation. UUO was achieved by double ligation of the left ureter with 3-0 silk through a left lateral incision. Sham-operated (sham) animals were used as controls. UUO and sham mice were euthanized at 3, 5, 7, 10, or 14 days (n ϭ 5 mice/group) after UUO. Some animals received GA [glycyrrhizic acid monosodium (50 mg/kg body wt), Sigma] through peritoneal injection and were euthanized at 5 or 7 days after UUO (n ϭ 5 mice/group). Urine, blood, and obstructed kidneys were collected and subjected to the experiments described below. For UUO animals, retained urine in the left ureters and pelvis were collected using a 1-ml syringe. For sham animals, metabolic cages were used to collect urine. All procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee of the University of Georgia.
Histopathological analyses. One half of obstructed kidney tissue was fixed in buffered 4% paraformaldehyde for 24 h and then embedded in paraffin wax. To assess tubulointerstitial injury and fibrosis, 5-m sections were stained with a hematoxylin and eosin staining kit (Master Tech Lab) and Masson's Trichrome 2000 Stain Kit (MasterTech Lab), respectively. Tubular injury, characterized by tubular dilation and epithelial desquamation with interstitial expansions, was graded according to the extent of cortical involvement on a scale from 0 to 4 and assessed using a semiquantitative scale (17) . Interstitial fibrosis was evaluated by collagen deposition using the point-counting method (10) .
Immunofluorescent staining. Sections of formalin-fixed, parafinembedded tissue were dewaxed, rehydrated, and antigen retrieved. Sections were incubated overnight with HMGB1 (Cell Signaling) or fibroblast-specific protein-1 (Abcam) monoclonal antibody at 1:100 dilution. The secondary antibody, FITC-conjugated goat anti-rabbit antibody (Life Tech), was applied at 1:1,000 dilution, and immunofluorescence photomicrographs were obtained at ϫ200 magnification for a 80-ms exposure time. For inducible nitric oxide synthase (iNOS) and F4/80 or IL-10 and F4/80 double immunostaining, rabbit iNOS (Abcam) or IL-10 (Santa Cruz Biotechnology) monoclonal antibody and rat F4/80 monoclonal antibody (Abcam) at 1:100 dilution were applied at the same time, and secondary antibodies included both FITC-conjugated goat anti-rabbit antibody (Life Tech) and TRITCconjugated goat-anti-rat antibody (Life Tech). For cytoimmunofluorescent staining, macrophages or human proximal tubule cells (HPTCs) were grown on glass coverslips in 24-well culture plates. Immunostaining was performed as previously described (3).
Macrophage isolation and culture. Bone marrow-derived macrophages (BMMs) were obtained as previously described (13) . Briefly, the femur and tibia were dissected in DMEM containing 10% FBS, and bone marrow cells were flushed from femurs and tibias. After red blood cells had been lysed, the remaining cells were counted and plated in a T-25 flask, and 10 ng/ml of macrophage colony-stimulating factor (Sigma) was added. After being cultured overnight, nonadherent cells were collected, washed, and plated in 60-mm petri plates with 10 ng/ml macrophage colony-stimulating factor in DMEM containing 10% FBS. After 7 days, cells were washed, and adherent cells were released and removed with 0.1% EDTA. The resulting BMMs were judged to be Ͼ98% pure based on F4/80 staining. For macrophage polarization testing, BMMs were stimulated with HMGB1 (Sigma) or HMGB1 plus GA.
HPTC culture and treatment. HPTCs were cultured in DMEM-F-12 (Invitrogen) with supplements as previously described (9) . HCl (1 N) was used to adjust pH to prepare the acidified medium.
Reverse transcription and quantitative RT-PCR. Total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer's instructions. cDNA was synthesized using 1 g total RNA and an iScript cDNA Synthesized Kit (Bio-Rad). mRNA expression of the related genes was normalized to cyclophilin. The primer sets used were mouse HMGB1 (forward: 5=-GCTGACAAGGCTCGTTAT-GAA-3= and reverse: 5=-CCTTTGATTTTGGGGCGGTA-3=), IL-6 (forward: 5=-AGGATACCACTCCCAACAGACCT-3= and reverse: 5=-CAAGTGCATCATCGTTGTTCATAC-3=), iNOS (forward: 5=-ACATCGACCCGTCCACAGTAT-3= and reverse: 5=-CAGAGGGG-TAGGCTTGTCTC-3=), IL-1␤ (forward: 5=-AAATGCCTCGTGCT-GTCTGACC-3= and reverse: 5=-CTGCTTGAGAGGTGCTGATG-TACC-3=), IL-10 (forward: 5=-GGTTGCCAAGCCTTATCGGA-3= and reverse: 5=-ACCTGCTCCACTGCCTTGCT-3=), and cyclophilin (forward: 5=-TGCAGCCATGGTCAACCCC-3= and reverse: 5=-CCCAAGGGCTCGTCA-3=).
Urine and blood HMGB1 measurements. HMGB1in urine, serum, and the macrophage supernatant were measured using an ELISA kit (MyBioSource) following the manufacturer's instructions. Western blot analysis. Protein was extracted using lysis buffer containing protease inhibitors. Protein concentration was determined using a BCA kit (Pierce). Western blot analysis was carried out as previously described (9) .
Statistical analysis. All data are reported as means Ϯ SD. Data were analyzed using ANOVA followed by a q test using SPSS for Windows (version 10.0). P values of Ͻ0.05 were considered as statistically significant difference.
RESULTS

HMGB1 expression and release in UUO kidneys.
To determine if HMGB1 is involved in tubular injury and interstitial fibrosis, we first examined whether HMGB1 expression or release is altered by UUO. HMGB1 was observed in both tubular and interstitial cells. The HMGB1 expression level was very low in normal mouse kidney tubular cells. After UUO, HMGB1 expression was rapidly and significantly upregulated in tubular cells, especially in damaged tubules (Fig. 1A) . HMGB1-expressing interstitial cells appeared to be, at least partially, macrophages (Fig. 1B) . HMGB1 protein expression was time dependently upregulated in the kidney by UUO (Fig.  1C) . Surgical wounds in the abdominal wall may influence HMGB1 concentration in serum and urine. Thus, we used blood and urine HMGB1 concentrations in sham mice as controls to measure HMGB1 released from injured kidneys. As shown in Fig. 1, D and E, the serum HMGB1 concentration rapidly reached the highest level on 3 days after UUO and gradually decreased after 7 days of UUO. The high level of urine HMGB1 in ligated ureters was observed 3-7 days after UUO and slightly declined after 10 days of UUO. HMGB1 levels in sham mouse serum or urine were not altered. These results indicate that HMGB1 expression was induced by UUO and released from injured kidney tissue.
HMGB1 overexpression contributed to UUO-caused kidney injury. To test if HMGB1 plays a role in the kidney structural damage caused by UUO, we treated UUO mice with GA (HMGB1 inhibitor) via peritoneal injection. A previous study (18) has shown that GA binds to HMGB1 protein and inhibits its cytokine activities. GA has also been reported to inhibit HMGB1-induced inflammation with few side effects (4, 6, 21) . We found that although GA treatment did not alter HMGB1 expression in kidney tissue (Fig. 2, A and B) , it attenuated UUO-induced interstitial inflammation, as shown by the reduction of F4/80-expressing macrophages and CD3-expressing T cells (Fig. 2, C and D) . GA treatment also ameliorated the kidney structural damage (Fig. 2, E and F) . Since GA did not affect HMGB1 expression, we tested if GA affected HMGB1 release. As shown in Fig. 2 , G and H, HMGB1 concentrations in mouse serum and urine were significantly increased on day 7 after UUO. However, GA treatment significantly blocked the release of HMGB1 from the kidney to blood and urine. These data suggest that HMGB1 released to the interstitium or urine contributed to the UUO-induced damage.
HMGB1 release caused kidney fibrosis. UUO is known to cause kidney interstitial fibrosis, as shown by collagen deposition in kidney tissue (Fig. 3A) . However, blockade of HMGB1 release by GA significantly blocked the injury-in- duced collagen deposition in kidneys with UUO for 7 and 14 days (Fig. 3, A-D) and collagen type I expression (Fig. 3 , E and F), indicating that HMGB1 played an important role in the development of renal fibrosis in UUO kidneys. Since collagen is produced by myofibroblasts during the fibrogenic process, we tested if HMGB1 is involved in myofibroblast activation. As shown in Fig. 3 , G and H, UUO significantly induced myofibroblast activation, as shown by the increased number of fibroblast-specific protein-1-positive cells. However, GA treatment reduced the number of myofibroblasts, demonstrating that HMGB1 contributes to the fibrogenic process by activating myofibroblasts in the kidney interstitium. HMGB1 modulated the macrophage phenotype in the kidney with UUO. It is known that UUO triggers macrophage infiltration in kidney tissue after injury. To determine which macrophage phenotype is present in the UUO kidney, we used iNOS to identify the M1 phenotype and IL-10 to identify the M2 phenotype, respectively, and used F4/80, a macrophage marker, to stain macrophages. We found that at the early stage of injury (5 days of UUO), M1 but not M2 macrophages were accumulated in the kidney (Fig. 4A) . GA treatment, however, diminished the presence of M1 macrophages (Fig. 4, A, C, and  D) . Interestingly, GA treatment resulted in a large number of M2 macrophages appearing in the kidney with the early stage of injury (Fig. 4, B-D) . Since no M2 macrophage activation was observed at this stage of UUO (Fig. 4B) , the M2 macrophages that appeared with GA treatment were likely to be converted from M1 macrophages, i.e., blockade of HMGB1 release by GA caused a M1-to-M2 macrophage transition in UUO kidneys.
HMGB1 played a role in macrophage polarization. To further determine the role of HMGB1 in macrophage polarization, we directly tested if HMGB1 induces M1 marker expression in BMMs in vitro. As shown in Fig. 5A , HMGB1 stimulation induced expression of the M1 marker iNOS in a dosedependent manner. GA treatment, however, dose dependently inhibited HMGB1 function (Fig. 5B) . Importantly, HMGB1 upregulated iNOS mRNA expression while downregulating IL-10 expression, suggesting that HMGB1 suppressed M2 macrophage activation while inducing the M1 phenotype (Fig.  5C ). GA treatment reversed these effects of HMGB1 (Fig. 5D ). These data demonstrate that HMGB1 can directly induce macrophage polarization to the M1 phenotype.
Acidified environment induced HMGB1 expression and release in macrophages and HPTCs. It is clear that HMGB1 expression and release are critical for macrophage M1 polarization, kidney structural damage, and fibrosis. However, it is unknown what factor is responsible for HMGB1 expression and release in the kidney. Interestingly, urine retained in the left ureter after ligation had a mean pH value of 5.52 (data not shown), which caused kidney tissues to be directly exposed to acidified urine along with tubular lumen damage. Thus, we hypothesized that the acidic environment may alter HMGB1 expression/release in tubular epithelial cells and macrophages. Indeed, when macrophages and HPTCs were cultured in a low-pH environment, the acidified medium significantly increased the expression and release of HMGB1 in both macrophages (Fig. 6, A-C) and HPTCs (Fig. 6, D-F) . It appeared that the lower the pH, the more expression and release of HMGB1. In addition, as the medium pH decreased, HMGB1 translocation from the nuclei to cytoplasm was observed (Fig. 6A) . These results suggest that the acidic environment may be one of the factors causing the increased expression and release of HMGB1 in kidney tissue after UUO.
DISCUSSION
The role of macrophages in chronic kidney disease is well established (23) . A recent study (1) has indicated the divergent role of macrophage polarization. M1 and M2 macrophages are observed at different stages of injury in the mouse acute ischemia-reperfusion model (13) , and infusion of in vitro-induced M2 macrophages has shown protection against kidney injury in murine adriamycinnephrosis (16) . Our present study provided novel information about the role of the M1 phenotype in an early stage of chronic disease, i.e., UUO-induced fibrosis. We found that interstitially accumulated macrophages exhibit the M1 phenotype, which is critical for the onset of interstitial fibrosis. HMGB1 released in UUO kidneys plays a critical role in the M1 phenotype formation because inhibition of HMGB1 release blocks UUO-induced fibrosis and the M1 phenotype. Moreover, HMGB1 can directly induce the M1 phenotype in vitro, supporting that HMGB1 is one of the culprits for the M1 phenotype at the early stage of UUO. In addition to HMGB1, other DAMPs may also be involved in M1 macrophage formation in the UUO kidney. Kidneyspecific DAMPs, such as crystals and uromodulinare, are released after renal tubular damage (2). These DAMPs have been shown to trigger innate immunity by activating Toll-like receptors, purinergic receptors, or the Nod-like receptory family, pyrin domain-containing 3 inflammasome (2). Although our study does not address the molecular mechanism underlying HMGB1 function in the activating M1 phenotype, HMGB1 is likely to act synergistically with other DAMPS to mediate the initial inflammatory response in kidneys with UUO damage.
HMGB1 is highly induced in both tubular epithelial cells and macrophages by UUO. Moreover, UUO causes HMGB1 release from the kidney to serum and urine. UUO-mediated HMGB1 release may be attributed to different sources. Since UUO damages the kidney structure, especially renal tubules, some HMGB1 in serum and urine may come from dead epithelial cells. The cell death or necroptosis may also cause the release of other DAMPS. Interestingly, UUO reduces the pH of urine accumulated in the obstructed ureter, and the acidic environment is able to induce HMGB1 release from tubular epithelial cells and macrophages in vitro, suggesting that acidic stress in the kidney contributes to the release of HMGB1. Although this phenomenon has not yet confirmed in vivo, our finding may be clinically important because metabolic acidosis is commonly associated with chronic kidney diseases (11, 12) . This acidosis may cause the release of HMGB1 or other DAMPS in the kidney of patients with chronic kidney diseases, leading to fibrogenesis, which would be an interesting subject for future study.
GA appears to be an effective agent to halt UUO-induced fibrosis. Although GA inhibits HMGB1 release, its renal protection may not only be due to its activity on HMGB1 because GA also inhibits other molecules involved in renal fibrosis. One of these molecules is phospholipase A 2 . Phospholipase A 2 is known to be involved in UUO-mediated kidney injury (5) . In addition, GA inhibits 11-␤-hydroxysteroid dehydrogenase type 2, whose expression is reduced in the obstructed kidney and is likely to have a protective role in kidney injury (14) . Therefore, the mechanism underlying GA function in lessening UUOinduced fibrosis is likely to be sophisticated, involving modulation of activities of multiple proteins, including HMGB1, phospholipase A 2 , etc. There are two limitations in the present study. First, the UUO model is not an ideal model for chronic kidney disease because it is not a usual cause of adult human renal disease. In addition, the UUO mouse exhibits normal creatinine without proteinuria and hypertension. Second, the causal role of the GA-mediated reduction of HMBG1 release in renal protection and the role of acidic stress in HMGB1 release have not been established in vivo. Despite these limitations, our study provides evidence that macrophages accumulated in the kidney interstitium at the early stage of UUO display M1 polarization, the elevated HMGB1 at this stage appears to be one of the key factors facilitating the M1 phenotype, and GA is a potential agent useful for reducing tubular injury and subsequent fibrosis.
